Introduction
Carbon-supported Pt nanoparticles are currently the most effective catalysts used in proton exchange membrane fuel cells (PEMFCs) because of their electrocatalytic activities for both the oxidation of hydrogen on the anode and the reduction of oxygen on the cathode. It is known that the catalytic activity depends on the particle size, shape, size distribution and dispersion over the catalyst support. [1] [2] [3] [4] Pt is expensive and worldwide supply is limited: therefore, minimization of Pt loading is necessary to achieve large-scale commercialization of PEMFCs. Nanoparticle aggregation is a problem because well-dispersed nanoparticles have a higher available surface area and so exhibit higher mass activity than aggregated nanoparticles.
It is important that the catalyst within a fuel cell maintains its activity over many hours/years of use. There are several mechanisms by which the catalyst is thought to lose its activity with use, one of which is aggregation of the catalyst nanoparticles. It is therefore important that the catalyst is well dispersed and remains well dispersed during electrochemical cycling.
To tailor the size of Pt nanoparticles with uniform dispersion on the carbon support, stabilizing agents, such as surfactants, ligands or polymers, are usually employed during the preparative process. [5] [6] [7] [8] [9] [10] [11] [12] [13] The stabilizer adsorbs on particle surfaces and prevents particle aggregation, either by steric or electrostatic repulsion or, in some cases, a combination of the two. TTAB is expected to adsorb on the nanoparticle surface and, because of its cationic nature, to stabilize nanoparticles by electrostatic repulsion. 14, 15 The water-soluble ethoxylate chains of the nonionic surfactant NP9 will impart steric stability when adsorbed on the nanoparticles. This type of stabilization is known to be the more robust, especially in the presence of multivalent ions. [16] [17] [18] Such organic molecules which adsorb on the surface of nanoparticles are usually regarded as undesirable species which block catalytic sites and slow reaction kinetics. This is understandable, considering the known adverse effects of anions such as chloride 19, 20 and sulphate 21 on the platinum-catalysed oxygen reduction reaction. Polyvinylpyrrolidone (PVP) is commonly used to stabilize Pt nanoparticles. Redox treatment of PVP/Pt samples has been found to induce degradation of PVP. The pyrrolidone rings released from the aliphatic polymer backbone have been found to adsorb strongly on the metal surface, blocking catalytic sites. 11 The surfactants or polymers used to stabilize nanoparticles are usually removed by washing or heating before electrochemical testing. Many studies have focused on finding the most efficient method of surfactant removal. 22, 23 However, the removal processes, such as heating or solvent washing, are likely to lead to particle aggregation.
In the field of homogeneous catalysis the improvement of the catalytic activity of transition metal complexes by the incorporation of organic ligands is well documented. 24 Some authors [25] [26] [27] [28] [29] have suggested the improvement of ORR catalytic activity, on platinum nanoparticles, when polymers or ligands are adsorbed onto the Pt surface. It has been proposed 26, 29 that electron-rich ligands may alter the average electronic energy of the Pt d-band orbitals and weaken the Pt-O bond, thus reducing the surface coverage and blocking effect of oxide species. It is also possible that the adsorbed ligands may be creating a hydrophobic environment at the Pt surface that results in a decrease in the number of water molecules at the surface. Hence, it is of interest to understand the influence of surfactant stabilizers on the electrocatalytic performance of Pt-based nanoparticle catalysts.
In this work, an aqueous colloidal route was chosen for the preparation of platinum nanoparticles. Pt nanoparticles were prepared using two different surfactants to prevent aggregation: a nonionic surfactant, nonylphenol ethoxylate (NP9) and a cationic surfactant, tetradecyltrimethylammonium bromide (TTAB). The structures of these surfactants are shown in Fig. 1 .
The aggregation of the particles was studied using transmission electron microscopy (TEM) and dynamic light scattering (DLS). The performance of the catalysts was studied with voltammetry using a rotating ring disc electrode.
Experimental
Milli-Q ultra pure water, with resistivity Z18 MO cm, was used throughout. All glassware used for nanoparticle synthesis was thoroughly cleaned by soaking in aqua regia followed by rinsing with copious amounts of Milli-Q water.
Synthesis of Pt + TTAB nanoparticles
The method of Lee et al. 12 was used to prepare the Pt + TTAB nanoparticles. Briefly, 30 mL of a 0.23 M aqueous solution of TTAB (Aldrich 99%) was mixed with 10 mL of a 6.4 mM aqueous solution of K 2 PtCl 6 (Sigma Aldrich 99.9%) at room temperature (20 1C) . (The critical micelle concentration (cmc) of TTAB is 1.0 Â 10 À3 mol dm À3 . 30 ) The mixture was heated at 50 1C for about 5 minutes until the solution became clear. The vial was capped with a rubber septum immediately after adding 10 mL of an ice-cold, aqueous 0.15 M solution of NaBH 4 (Sigma Aldrich). The H 2 gas pressure inside the vial was released through a needle in the septum for 10 minutes. The needle was then removed and the solution was stirred at 50 1C for a further 6 hours.
A repeated centrifugation/re-dispersion procedure was used to remove excess surfactant and soluble inorganic species. The dispersions were centrifuged for 20 minutes at 20 000 rpm and 4 1C in a Sigma 3K30 refrigerated centrifuge. The supernatant was discarded, and the precipitate re-dispersed in Milli-Q water. The process was repeated once.
Synthesis of Pt + NP9 nanoparticles
A similar procedure was adapted to prepare stable Pt + NP9 nanoparticles. In this case 73 mL of an aqueous solution of 7.8 mM NP9 (Aldrich 99%) was heated at 50 1C and 10 mL of a 1.36 mM solution of K 2 PtCl 6 (Sigma Aldrich 99.9%) was added. (The cmc of NP9 is 7.4 Â 10 À5 . 30 ) The mixture was stirred at 50 1C for 4 hours.
The Pt + NP9 particles are smaller than the Pt + TTAB particles. They were centrifuged as described above but at 26 000 rpm for 1.5 hours and the process was repeated once.
Nanoparticle characterization
The Pt and surfactant content of the purified colloidal Pt was determined as follows. Known volumes of catalyst ink were added to aluminium oxide crucibles and dried in a vacuum oven overnight at 60 1C, prior to thermogravimetric analysis (TGA) to determine Pt and surfactant contents.
The nanoparticles were imaged using transmission electron microscopy (JEOL 1200ex TEM for Pt + TTAB and Tecnai F20 HRTEM for Pt + NP9) and the hydrodynamic size was determined with dynamic light scattering (DLS) using a Beckman Coulter DelsaNano.
Catalyst ink preparation (Pt/C)
Pt nanoparticles were deposited on a carbon support in a Pt/C catalyst ink prior to electrochemical characterization. Vulcan XC-72R carbon black (Fuel Cell Store) was dispersed in Milli-Q water at a concentration of 0.4 mg mL À1 . Nafion s was added to give a weight ratio of Nafion s : carbon black of 1 : 2.4 in the dry catalyst layer. The mixture was sonicated in an ultrasonic bath for 30 minutes to produce a uniform, stable dispersion free from coarse agglomerates. A measured amount of purified colloidal Pt was added to the Vulcan XC-72R dispersion to give a ratio of 45.9% Pt/C and the mixture was sonicated for a further 30 minutes. The surfactant-stabilized Pt/C was compared against a catalyst ink prepared using an equivalent method using TKK (TEC10E50E) 45.9 wt% Pt/C commercial catalyst.
Electrochemical measurements
Electrochemical measurements were carried out using a Metrohm Autolab PG302N potentiostat with an FRA2 impedance module, a SCAN250 analogue scan generator and a BA bipotentiostat/array. The jacketed glass electrochemical cell was enclosed in a grounded Faraday cage. A reversible hydrogen electrode (RHE) was used as reference electrode, to avoid contamination with impurities. This was prepared in-house and was similar to that described by Garsany. 31 Counter electrodes for this study were made from Pt gauze (300 mesh, Alfa Aesar) with surface areas of 410 cm 2 , which were flame-annealed prior to experiments.
Rotating ring disc electrodes (RRDE) with removable 5 mm diameter glassy carbon and Pt discs enclosed in PTFE with Pt ring were purchased from Pine Instruments (USA). The diameters of the Pt and carbon discs were found, by white light interferometry, to be 5 mm within 0.01 mm. The electrodes were polished for 5 minutes on Microclotht (Buehler) using aqueous alumina slurries of 1 mm, 0.3 mm and 0.05 mm grain size in sequence. The polished electrodes were rinsed well with Milli-Q water, then sonicated (40 kHz bath) for 3 minutes in Milli-Q water to remove any residual alumina. For electrochemical characterization, working electrodes were prepared by pipetting an 11.5 mL aliquot of Pt/C catalyst dispersion onto a 5 mm glassy carbon disc electrode to achieve a Pt loading of 20 mg cm À2 and dried at room temperature overnight. The quality of the catalyst films produced was checked under an optical microscope. In each case, the catalyst appeared evenly dispersed over the electrode surface.
It is important to use the correct Pt loading in RDE experiments. 32 If the catalyst loading is too high, and catalyst films are thicker than 0.1 mm, the mass-transport characteristics of the RDE are no longer satisfied. 33, 34 Factors such as agglomerate structure, particle contact and diffusion properties of oxygen in the ionomer film start to influence specific activity. Also, the net activity becomes so high that the kinetic region becomes very small, and the polarization curve very steep, leading to problems with precision of the potential reading. If the catalyst loading is too low, the supported catalyst is no longer capable of spreading completely over the surface of the glassy carbon support. The optimum loading depends on the dispersion of each catalyst and may differ considerably. Therefore, it was determined for each catalyst individually, using the method described by Mayrhofer et al. 32 The loading of 20 mg cm À2 (Pt) was taken as the optimum loading, for which the catalyst is spread completely over the surface of the glassy carbon support and the film is not too thick.
The electrolyte solution was 0.1 M HClO 4 (prepared from 70% TraceSelect, Sigma) and was de-oxygenated by purging with ultra-pure N4.8 nitrogen (BOC Special Gases). The electrolyte was saturated with oxygen by bubbling N5 oxygen (BOC Special Gases). Fresh electrolyte was prepared for each working electrode. Great care was taken to avoid contamination: all glassware was thoroughly cleaned prior to use by heating in 1 : 1 concentrated HNO 3 : H 2 SO 4 , followed by thorough rinsing with Milli-Q water. While measurements were being taken, the appropriate gas was allowed to flow above the solution, maintaining positive pressure. The cell temperature was maintained at 25 1C using a thermostated circulating water bath.
The working electrode was mounted in an RRDE assembly and immersed in the electrolyte, taking care to remove any air bubbles from the electrode surface by rotating the electrode briefly at 1000 rpm. The working electrode was cycled between +0.05 and +1.0 V at 250 mV s À1 for up to 200 cycles, until stable cyclic voltammograms were observed. 35 The cyclic voltammograms were recorded using analogue scan cyclic voltammetry at 25 mV s À1 between +0.05 and +1.1 V.
The oxygen reduction reaction (ORR) polarization curves were measured and corrected for capacitive current and ohmic resistance of the solution. Background linear sweep voltammograms (LSVs) were recorded whilst still under N 2 , from +0.05 to +1.1 V at 25 mV s À1 at the following rotation rates 400, 800, 1200, 1600, 2000, 2400 and 2800 rpm. This background current was subtracted from the experimental ORR current to eliminate any contributions of capacitive current. The Ohmic resistance of the electrolyte was determined using electrochemical ac impedance measurements at 10 kHz, with an ac perturbation of 5 mV. The electrolyte was then bubbled with oxygen (N5 ultra-high purity, BOC Special Gases) for at least 30 minutes. LSV scans were then repeated in the O 2 -saturated electrolyte at the same rotation rates, with oxygen flowing over the surface of the electrolyte. The Pt ring was maintained at +1.1 V. The oxygen concentration was measured using a Clark cell at intervals throughout the ORR experiment and was found to remain constant at (1.02 AE 0.15) Â 10 À6 mol cm À3 . This is close to but slightly lower than the commonly used value of 1.26 Â 10 À6 mol cm À3 (at 25 1C). 36, 37 3. Results and discussion
Physical characterization
Pt nanoparticles were prepared as described in the experimental section and characterized by TGA to determine the amount of Pt and surfactant. Fig. 2 shows the relevant thermogravimetric mass loss profiles for the Pt nanoparticle dispersions and the derived Pt and surfactant content is shown in Table 1 . Both samples contain a large excess of surfactant. No further attempt was made to remove this surfactant. Fig. 3 and 4 show representative TEM images of the as-synthesized Pt nanoparticles prepared with TTAB and with NP9. The size distributions measured by two different methods are shown. The TEM images show particles dried onto a formvar-coated carbon-on-copper TEM specimen grid. The size of individual particles was measured from the images, using ImageJ software, 38 and the results plotted in the histograms (b). The mean size of the Pt + TTAB particles is 12 nm with a standard deviation of 2.3 nm and the mean size of the Pt + NP9 particles is 2.8 nm with a standard deviation of 0.7 nm.
Both the Pt + TTAB and Pt + NP9 appear to be stable dispersions, showing no particle sedimentation after standing for several weeks. The DLS technique was used to give an estimate of average particle size in aqueous dispersion and the results are shown in Fig. 5 . DLS is a light-scattering technique [39] [40] [41] [42] in which the intensity of laser light scattered by particles undergoing Brownian motion is used to determine their size distribution. The hydrodynamic diameter is expected to be greater than the actual diameter of the Pt particle (measured using TEM), as the hydrodynamic diameter includes adsorbed surfactant layers. In the case of Pt + NP9, the adsorbed NP9 could cause the hydrodynamic diameter to be double that of the Pt particle. In the case of Pt + TTAB, the TTAB is likely to adsorb as a bilayer as described previously, 43 which could add 4 nm to the diameter. In both cases, size distributions obtained using DLS are much broader and the average particle size is approximately 10Â those obtained from TEM. The results suggest that the particles are forming some aggregates when dispersed in water and the DLS technique measures aggregate size. However, a major limitation of DLS is that it is inherently sensitive to the presence of larger particles in a sample. This is because, using the Rayleigh approximation, the intensity of scattered light is proportional to the sixth power of the particle radius. The scattered intensity of any larger particles or aggregates contributes heavily to the DLS measurement, whereas the scattered intensity from the smaller particles is lost in the background signal. Thus even a few large particles or aggregates in a sample will dominate the signal, resulting in an over-estimate in the mean diameter. 44 Fig . 6 shows representative TEM images of the catalysts loaded on carbon black (Vulcan XC-72). The nanoparticles synthesized with TTAB and NP9 are compared with the commercial catalyst TKK. The Pt + NP9/C catalyst has Pt particles of similar size to the TKK catalyst (2.8 nm). Both images show Pt nanoparticles evenly dispersed over the carbon support. The Pt + TTAB particles are larger, 410 nm, and are not as evenly dispersed over the carbon support. 45 from hydrogen underpotential deposition (H upd ) on Pt(110) sites, while the peak at 0.22 V corresponds to Pt(100)-type step sites or terrace sites close to steps and high co-ordination edge and corner Pt sites. [47] [48] [49] [50] [51] [52] In the Pt + NP9/C electrochemistry they are mostly lost. It is possible that the surfactant molecules may be preferentially adsorbing onto the Pt crystal sites usually responsible for the more distinct H upd features. 46, 53 The other important difference in the voltammetry between the TKK catalyst and Pt + NP9/C films is the greatly reduced magnitude of the peaks for adsorption and desorption of oxygen species on Pt. For the TKK catalyst this peak occurs at ca. 60 mV negative of that observed for the polycrystalline Pt disc. These results are in agreement with those of Gasteiger et al., 54 who attribute the negative shift to increased binding strength of OH ads species on the TKK catalyst than on Pt(poly). They comment further that these species have an adverse effect on the O 2 -reduction reaction. The corresponding peak for the Pt + NP9/C catalyst is very small but occurs at a similar negative potential to that of the polycrystalline Pt disc, indicating substantially reduced binding of OH ads species on the Pt + NP9/C catalyst. The CV for the Pt + TTAB/C nanoparticles is featureless. Apparently, the surface of the particles is blocked over the whole potential range. At positive potentials, the oxide formation may be suppressed by bromide adsorption, whereas at negative potentials, TTA + ions will be electrostatically attracted to the surface, blocking adsorption of other species. Electrochemical surface areas (ECSAs) for the films were measured by integrating the desorption waves for underpotentially deposited hydrogen and assuming a charge passed per unit area of Pt of 210 mC cm À2 . 54 These values are given in Table 2 , along with an estimate of the theoretical area obtained from the loading used, assuming spherical particles of the mean diameter measured from TEM results. The ECSA measured for the TKK catalyst compares well with previously reported values of ca. 90 m 2 g À1 . 35 The Pt + NP9/C particles have an electrochemical surface area that is o25% of that for the TKK catalyst, despite equal platinum loadings and particle sizes (2.8 nm), suggesting that the NP9 blocks 75% of the surface Pt atoms to H adsorption. The shape of the CV in the H upd region suggests that the NP9 surfactant is adsorbing first on edge and corner sites. Calculations 55 suggest that 2.5 nm nanoparticles consist of approximately 75% edge and corner sites and 20% Pt(111). In Fig. 7b the CVs are normalized for electrochemical surface area, which highlights the suppression of Pt oxide formation and reduction on Pt + NP9/C. The CO-stripping curves shown in Fig. 7c were recorded in CO-free solution after adsorbing CO at 0.05 V for 30 minutes in CO-saturated solution. The total voltammetric charge was calculated from the background-corrected area under the CO stripping peak. 32, 56, 57 The charge calculated for Pt + NP9/C is o20% that for the TKK catalyst. This is in agreement with the H upd results, suggesting that the NP9 surfactant is blocking 80% of the Pt sites. The CO oxidation peak for Pt + NP9/C occurs at 0.95 V, compared with 0.85 V for the TKK catalyst. This is likely to result from the low coverage of OH ads , on Pt + NP9/C, which is required for CO oxidation. 58 Oxygen reduction. Fig. 8 compares the ORR RRDE data of Pt + NP9/C, Pt + TTAB/C, TKK catalyst and the Pt disc. Panel (a) shows the ring current and panel (b) shows the disc current at various electrode rotation rates. The ORR polarization curves each show a single reduction wave at each rotation speed and limiting current density plateaux are observed for all samples except for the Pt + TTAB/C electrode, whose shape is indicative of slow kinetics coupled with complex adsorption-desorption processes; the shape is similar to that found when bromide is adsorbed on Pt. 59 The catalyst activity toward the ORR can be visually benchmarked from the polarization curves: the more positive the onset of current or the half-wave potential, the more active the catalyst. The half-wave potentials of the Pt + NP9/C, TKK catalyst and Pt disc electrodes (taken from the curves measured at 1600 rpm) are 0.88 AE 0.02 V, whereas that of the Pt + TTAB/C electrode is more negative, at 0.74 V.
Electrochemical characterization
The oxygen reduction reaction is a multistep process in which more than one reaction pathway can be followed. The mechanism of the reaction is depicted in Scheme 1. 45 The reaction can proceed via a direct, 4-electron pathway that leads to water as a product. Alternatively, the reaction can proceed via a 2-electron pathway to hydrogen peroxide, which can either diffuse away from the surface or be further reduced to water in a 2-electron process. During the RRDE experiment, the ring is held at a positive potential, at which hydrogen peroxide is oxidized. In this way, hydrogen peroxide intermediates produced during the ORR at the disc can be detected by monitoring the current of the ring electrode. The Pt ring potential in these experiments was held at +1.1 V, such that the reaction occurring at the ring was entirely diffusion-limited, and the ring current was used to investigate the selectivity of the reaction. Visual inspection of the RRDE data in Fig. 8 indicate that the ORR at the Pt + TTAB/C catalyst produces the most hydrogen peroxide and that at the Pt disc the least. The number of electrons transferred, n, can be quantified from the disc and ring currents using eqn (1): 60
where I D is the modulus of the total disc current (I D (H 2 O) + I D (H 2 O 2 )), I R is the ring current (corresponding to the oxidation of H 2 O 2 ) and N is the collection efficiency (determined as 0.21 in a separate experiment using the ferro/ferricyanide couple 61 ). Fig. 9a presents plots of n as a function of potential, calculated from the RRDE data acquired at 1600 rpm for each catalyst. Fig. 9a shows that n is close to 4 for each catalyst at potentials positive of ca. +0.3 V, indicating that water is the main product of the ORR. It is also evident that the Pt + TTAB/C catalyst is least selective toward the 4-electron reduction to water, across the whole potential range studied. The selectivity of the reaction can also be represented by the fraction of H 2 O 2 (X H 2 O 2 ) produced in the reaction, which can be calculated from eqn (2): 62
Values of X H 2 O 2 are plotted as a function of potential in Fig. 9b . The value obtained for the TKK and NP9 catalysts at E = +0.1 V is 0.1, in good agreement with previous work on Pt/C catalysts with similar particle sizes. 63 For each electrode, a significant increase in X H 2 O 2 is observed in the H upd region (E o 0.2 V). This observation has previously been attributed to competitive adsorption of hydrogen, which results in blocking of active sites, hindering the dissociative adsorption of oxygen molecules. 21 Previous studies have shown that the fraction of H 2 O 2 production in the H upd region is higher for Pt particles supported on carbon 64 and for Pt surfaces in contact with a layer of adsorbed Nafion s . 63, 65 Fig. 9 shows that, although the amount of peroxide production is negligible over the range of typical operating potentials of the PEMFC cathode (+0.6 V to +1.0 V), at potentials negative of +0.3 V, the extent of peroxide formation is significantly higher on the Pt + NP9/C and TKK catalysts than on the Pt disc. The decrease in tendency towards the 4-electron pathway may arise from a combination of particle size effects and modifications to the Pt surface by adsorbed Nafion s . The large excess of NP9 surfactant, present in the Pt + NP9/C catalyst, did not significantly affect the proportion of H 2 O 2 produced. The reason for this could be that the NP9 surfactant adsorbs preferentially on edge and corner sites of the nanoparticles, which tend to be blocked by OH ads in the potential range of interest. Terrace sites may be left free of directly adsorbed surfactant, allowing O 2 adsorption and reduction to occur without affecting the mechanism.
The amount of hydrogen peroxide produced is significantly higher on the Pt + TTAB/C catalysts, which is likely to result from blocking of sites by bromide counterions from the TTAB surfactant. Bromide ions adsorbed on Pt are known to increase H 2 O 2 oxidation currents on the ring electrode, implying that in the presence of bromide ions the ORR does not proceed entirely through the 4-electron pathway. 66 This has been attributed to site blocking, such that pairs of adjacent Pt sites, required for the splitting of the O-O bond, are less abundant (similarly to the case of competitive adsorption of hydrogen).
Kinetics of the ORR. The current flowing at the disc electrode is related to the rotation rate by the Koutecky-Levich eqn (3): 67
where j is the current density, j K is the kinetic current density and j L is the mass transport-limited current density, given by eqn (4):
where n is the number of electrons transferred, F is the Faraday constant, C is the bulk concentration of electroactive species in solution (1.26 Â 10 À6 mol cm À3 , 36,37 at 25 1C), D is its diffusivity (1.93 Â 10 À5 cm 2 s À1 21,37 ), v is the kinematic viscosity of the solution (1.009 Â 10 À2 cm 2 s À1 21 ) and o is the rotation rate of the electrode (in rpm). Koutecky-Levich plots (1/j vs. o À1/2 ) are presented in Fig. 10 . The plots are linear, as predicted by eqn (3) and (4). The kinetic currents for the mixed kinetic-diffusion control of the ORR were determined from the Koutecky-Levich plots and used to construct Tafel plots, presented in Fig. 11a . Kinetic currents were also extracted from the ORR disc currents at 1600 rpm, using a rearrangement of the Koutecky-Levich eqn (5) , and used to construct mass transfer-corrected Tafel plots, shown in Fig. 11b . The data for Pt + TTAB/C are not plotted because of the large error in calculation of the ECSA.
The plots in Fig. 11a and b are normalized with respect to ECSA and show good agreement with one another. From the curvature of the Tafel plots it is clear that there is no single Tafel slope for the reaction in the potential range 0.9-0.78 V. The slope is around À60 mV dec À1 at E 4 0.85 V but doubles to À120 mV dec À1 for E o 0.8 V. This finding is in good agreement with previous work. 68, 69 The change in slope has been attributed either to a change from Temkin to Langmuir adsorption of reaction intermediates or to an increase in coverage by surface oxides. 46 The results show that in the kinetically controlled potential region the area-specific activity is highest for the Pt disc. This is in agreement with the work of Mayrhofer et al., 70 who found that for the ORR the increase in oxophilicity of smaller particles leads to a decrease in specific activity because OH can effectively block the active sites required for the adsorption of O 2 and the splitting of the O-O bond. The specific activity of the TKK catalyst at 0.9 V (3.1 A m À2 ) compares well with values previously reported for this catalyst (2.92 A m À2 in the same electrolyte at 25 1C and a sweep rate of 10 mV s À1 reported by Takahashi and Kocha; 35 2.9 A m À2 in the same electrolyte at 60 1C [N.B. the solubility of oxygen is lower at this temperature] and a sweep rate of 20 mV s À1 reported by Gasteiger et al. 54 ). The area-specific activity for Pt + NP9/C is higher than that for the TKK catalyst, which suggests less blocking of active sites with OH species. It appears, from the CV (Fig. 7a ), that the NP9 surfactant inhibits strongly OH adsorption on the Pt surface, which, interestingly, may explain the higher specific activity observed. The results in Fig. 8 and 11 show that the ORR is not completely blocked by the NP9 surfactant molecules.
To allow for comparison with the Pt + TTAB/C catalyst, the kinetic currents obtained using eqn (5) were also normalized per mass Pt and these data are presented in Fig. 11c . This quantity is also highly relevant from the point of view of the cost of catalyst required for a fuel cell. The mass activity of the TKK catalyst at 0.9 V (277 A g À1 ) compares well with literature values (266 A g À1 at 25 1C reported by Takahashi and Kocha 35 and 220 A g À1 at 60 1C [N.B. the oxygen solubility is lower at this temperature] reported by Gasteiger et al. 54 ). The mass activitypotential plot in Fig. 11c shows that the Pt + NP9/C catalyst has similar mass activity to the TKK catalyst, despite the presence of excess NP9 surfactant. The Pt + TTAB/C catalyst shows considerably worse mass activity. This effect could be caused by several factors. The larger size of the Pt + TTAB/C particles means that they have a smaller surface area per unit mass than the Pt + NP9/C and TKK catalysts. Also, the activity will be reduced by the site-blocking effect of the bromide counter-ions of the cationic surfactant; bromide has been shown previously to have a detrimental effect on ORR activity. 59, 66 The Pt + TTAB/ C particles are mostly cubic and will mainly have Pt(100) crystal faces, which are known to be less active toward the ORR in perchloric acid solution than Pt(110) and Pt(111) faces. [71] [72] [73] It is also possible that the presence of the surfactant inhibits electron transfer between the catalyst and the carbon support, although this effect was not seen for the NP9-stabilized catalysts. It is not possible to separate the effect of bromide ions from that of the organic cation without substantial additional work, so we defer this investigation to a future paper. The similarity of the RDE curves with those published for bromide-containing solutions are strong evidence that bromide is at least partially responsible for the lower activity of the Pt + TTAB/C catalyst.
A kinetic analysis of the ring and disc currents was employed to provide more detail on the differences in selectivity between the catalysts studied. Using Scheme 1, a comparison of the rate constants k 1 (representing 4-electron reduction to water) and k 2 (representing 2-electron reduction to hydrogen peroxide) can be carried out, if it is assumed that the chemical decomposition and electrochemical oxidation of hydrogen peroxide are minimal and the adsorption and desorption of hydrogen peroxide are rapid and in equilibrium. Diagnostic plots of I D /I R vs. o À1/2 are presented for each catalyst in Fig. 12 . The intercepts of these plots are not equal, which indicates that a parallel reaction pathway operates (in agreement with the conclusions drawn from Fig. 9 ). Hsueh and Chin 74 developed the model further to determine the rate constants from the plots in Fig. 12 and plots of I DL /(I DL À I D ) vs. o À1/2 :
where I DL is the limiting disc current, Z 2 = 0.2006D(H 2 O 2 ) 2/3 v À1/6 and Z 1 = 0.2006D(O 2 ) 2/3 v À1/6 . Eqn (6) corresponds to the plot in Fig. 12 and plots corresponding to eqn (7) are given in Fig. 13 . If the slope of a plot in Fig. 12 is S 1 and the intercept is I 1 , and a plot in Fig. 13 has slope S 2 and intercept 1, eqn (8)-(10) can be used to evaluate the rate constants k 1 , k 2 and k 3 : 74
The rate constants are usually normalized for ECSA for comparison of the catalysts investigated. Since the ECSA for the Pt + TTAB/C catalyst is so small and thus the error associated with its calculation so large, we decided to compare instead the ratio of the rate constants k 1 and k 2 . Fig. 14 presents plots of k 1 /k 2 as a function of potential for each catalyst studied. The plots for nanoparticulate catalysts indicate a steady fall in the ratio as the potential is made more negative, which reflects the tendency for the fraction of hydrogen peroxide to increase at more negative potentials. Significantly, the ratio is smallest for the Pt + TTAB/C catalyst, which shows that the rate of production of hydrogen peroxide is highest for this catalyst. This is likely to be a result of a number of factors, particularly blocking of active sites by bromide ions, which reduces the availability of adjacent sites for oxygen to adsorb and so reduces the extent of dissociative adsorption, essential for the full reduction to water. The lower ratio may also be a reflection of different facets exposed: since the Pt + TTAB/C particles are cubic, it is likely that facets are predominantly (100) and (100) single crystals exhibit lower activity and more H 2 O 2 production than (111) or (110) faces of Pt. 50 This result shows that the lower mass activity ( j k ) observed for Pt + TTAB/C catalysts in Fig. 11c does not result from lower surface area alone but also from the intrinsic nature of the catalyst. Interestingly, the k 1 /k 2 ratio is higher for Pt + NP9/C catalysts than for the TKK catalyst, which may be a result of the inhibition of OH adsorption observed in Fig. 7a and discussed above.
Conclusion
With careful choice of surfactant it may not be necessary to remove all the surfactant used in the preparation of nanoparticles and the surfactants may have a beneficial effect. Here, well-dispersed Pt nanoparticles were prepared using the non-ionic surfactant NP9. These particles show good catalytic activity towards the ORR without extensive removal of surfactant. The results presented
show that adsorbed surfactant NP9 on Pt nanoparticle surfaces reduces the measured ECSA but does not adversely affect the ORR performance. The reason for this is thought to be that the NP9 surfactant adsorbs preferentially on edge and corner sites of the nanoparticles, which tend to be blocked by OH ads in the potential range of interest. The choice of surfactant used in the preparation of catalyst nanoparticles obviously affects the nanoparticle size and shape, which in turn affects their catalytic activity. It is difficult to separate the factors involved. The Pt nanoparticles prepared with the cationic surfactant TTAB displayed RRDE voltammetry similar to that observed for Pt in bromide-containing solutions and a greater tendency towards a 2e À reduction of oxygen, suggesting that bromide ions are blocking active sites. Kinetic analysis showed that reduced mass activity was partly a result of this siteblocking and possibly shape effects, not simply a lower surface area resulting from larger particle size. In summary, by careful choice of surfactant used in the synthesis of Pt nanoparticles, it is possible to generate catalysts that perform well in terms of activity and selectivity towards the 4e À pathway, without the need for extensive surfactant removal processes.
